The decomposition of formic acid is studied in a continuous sub-or supercritical water reactor at temperatures between 300 and 430°C, a pressure of 25 MPa, residence times between 4 and 65 s, and a feedstock concentration of 3.6 wt%. In-situ Raman spectroscopy is used to produce real-time data and accurately quantify decomposition product yields of H2, CO2, and CO. Collected spectra are used to determine global decomposition rates and kinetic rates for individual reaction pathways. First-order global Arrhenius parameters are determined as log A (s -1 ) = 1.6 ± 0.20 and EA = 9.5 ± 0.55 kcal/mol for subcritical decomposition, and log A (s -1 ) = 12.56 ± 1.96 and EA = 41.90 ± 6.08 kcal/mol for supercritical decomposition. Subcritical and supercritical Arrhenius parameters for individual pathways are proposed. The variance in rate parameters is likely due to changing thermophysical properties of water across the critical point. There is strong evidence for a surface catalyzed free-radical mechanism responsible for rapid decomposition above the critical point, facilitated by low density at supercritical conditions.
INTRODUCTION
Supercritical water gasification (SCWG) is an emerging technology for generating fuel gas from organic feedstocks. Above its critical point (374°C, 22.1 MPa), the thermophysical properties of water change significantly compared to subcritical water, making supercritical water an excellent reaction medium for hydrolysis or oxidation of organic molecules. As water transitions to the supercritical phase, the concentrations of H and OH radicals increase, while the dielectric constant, density, and viscosity are drastically reduced, facilitating the dissolution and decomposition of organic molecules in a single fluid phase with reduced mass transfer limitations [1] . SCWG of complex organic compounds is notable for its propensity to produce a hydrogen-rich syngas without the use of chemicals or subsequent reactions or reactors. As the world seeks to transition away from fossil fuels towards more sustainability energy sources, SCWG of waste biomass, sewage, or other complex organic feedstocks promises to recover the fuel value of resource streams which are not typically utilized.
In pursuit of advancing SCWG technology towards large-scale applications, the study of gasification chemistry in lab-scale, supercritical water reactors (SCWRs) is useful. Continuous operation allows for continuous tuning and monitoring of process parameters, decreased experimentation time, operational flexibility, and increased process efficiency. A high surface-to-volume (S/V) ratio in a continuous flow reactor maximizes the catalytic effect of nickel which is commonly present in reactor walls, enhancing chemical kinetic rates and improving hydrogen yield over SCWG in non-reactive, quartz batch reactors [2, 3] .
Nearly all continuous SCWRs are constructed with nickel-base alloys such as Inconel 625 or Hastelloy C-276, which provide excellent corrosion resistance, strength at high temperatures, and the above-noted catalytic behavior [3] [4] [5] [6] [7] [8] . For industrial applications, the catalytic behavior of reactor walls is beneficial to system throughput and reactor efficiency. Nickel promotes general gasification reactions and the water-gas shift (WGS) reaction, which converts CO and H2O to H2 and CO2. Taking advantage of the nickel-catalyzed WGS reaction for improved H2 yields from SCWG is analogous to the use of nickel catalysts to promote H2 production during methane steam-reforming.
Though the catalytic effect of nickel is a known phenomenon, it has not been quantified, which complicates comparisons between kinetic rate studies conducted in various continuous reactors. Goodwin and Rorrer [4] and Hao et al. [6] both demonstrated that smaller inner reactor diameters speed gasification reactions, due to increased S/V ratio. Also, reactors constructed from materials with different nickel contents (e.g. Inconel 625 vs. 316 SS) exhibit different catalytic behavior. Long-term operation can cause "aging" of the catalytic surface, where catalytic pores are poisoned due to a buildup of carbonaceous compounds or salt precipitates [9] . For useful studies of chemical kinetic rates in continuous SCWRs, the exact reactor geometries and materials must be specified. The presence of the catalytic surface will affect product yields, favored reaction pathways, and reaction rates.
Basic knowledge of the decomposition rates of model compounds in supercritical water is useful for industrialscale reactor design and scientific understanding of the gasification process. Generalized reaction pathways and compound decomposition rates have been proposed for several model compounds, such as glucose, phenol, benzene, and methanol [3] . Some intermediate gasification products are common across a range of feedstocks, notably aldehydes and organic acids. Formic acid is a key model compound which has been identified as an intermediate product from SCWG of glucose [4] , fructose [5] , methanol [10] , glycine [11] , and acetaldehyde [12] . One can assume that formic acid will form as an intermediate from the gasification of any real biomass feedstock, therefore fully understanding its decomposition behavior in supercritical water is vital to understanding SCWG of more complex molecules and constructing complex chemical reaction networks.
In 1998, Yu and Savage [13] studied the gasification of dilute formic acid in a continuous SCWR, to analyze the decomposition pathways and rates under hydrothermal conditions. Tests were conducted at temperatures between 320 and 500°C, pressures between 18 and 30.7 MPa, and residence times between 1.4 and 80 s. Major decomposition products were consistently CO2 and H2, indicating that decarboxylation is the dominant reaction pathway under these conditions, as shown in Reaction 1. CO was also observed as a reaction product in low concentrations, suggesting the existence of a dehydration reaction pathway, as indicated by Reaction 2. Overall decomposition of formic acid constitutes the combination of these two pathways.
HCOOH → H2 + CO2
(R1)
HCOOH → H2O + CO (R2)
For temperatures above 420°C decomposition happened too rapidly for kinetic rates to be determined. Pressure dependency was noted for decomposition occurring near the critical point, possibly indicating a density-dependent reaction mechanism, but experiments testing density dependence were inconclusive. Kinetic rates were calculated for temperatures from 320 to 420°C and a pressure of 25.3 MPa. Arrhenius parameters of first-order formic acid decomposition were proposed as log A (s -1 ) = 6.2 and EA = 20.5 kcal/mol. Zhang et al. [14] gasified formic acid in a continuous SCWR, at temperatures between 550 and 650°C, pressures between 24 and 30 MPa, residence times between 16 and 46 s, and formic acid concentrations between 0.05 and 0.7 M. Dominant reaction products were reported as H2 and CO2, with minor yields of CO. The authors reported that gasification with a high concentration of formic acid at high temperatures led to the formation of formaldehyde and methanol, decreasing hydrogen yield; kinetic rates were not reported in the study.
Few model compound decomposition rates have been cross-verified by subsequent studies, partly due to lengthy experimentation times. Gas chromatography [4] [5] [6] TOC analysis [7, 8] , and other common ex-situ analytical methods are time-consuming, as reactor conditions can only be changed from run-to-run. In-situ process monitoring makes it possible to continuously identify gasification products in real time and to readily adjust operational parameters. In this work, in-situ Raman spectroscopy is used to directly monitor species concentrations in the effluent stream in the lowtemperature, high-pressure zone of the reactor. The low-temperature zone was monitored due to issues with placing a Raman optical cell in the high-temperature zone.
In this study, formic acid gasification is studied at temperatures between 300 and 430°C, a constant pressure of 25 MPa, and at residence times between 4 and 65 s. The initial concentration of formic acid is maintained at 3.6 wt%. Overall Arrhenius parameters for global and individual decomposition reactions are determined and compared with previously published results. In-situ process monitoring with Raman spectroscopy in the low-temperature, highpressure zone allows for identification of product species and quantification of product yields, even for an effluent consisting of gaseous and liquid products. Notably, this demonstrates that Raman spectroscopy can be used to quantify product yields in real-time, which could lead to integration into a feedback reactor control scheme for automatic thermal management of the SCWG reactor. Concentration measurements are used to calculate the overall decomposition rate of formic acid at each tested temperature, proving the efficacy of in-situ Raman spectroscopy for model compound decomposition experiments.
MATERIALS AND METHODS
An 88% formic acid solution from Fisher Scientific (Hampton, NH) is diluted with deionized (DI) water to a 30 vol% solution which is used for all experiments. DI water with a resistivity of 18.2 M-Ω is also fed to the reactor at a fixed volumetric flow ratio of water to solution of 9:1, resulting in an initial formic acid concentration of 3 vol%. This corresponds to an initial formic acid mass fraction of 3.6 wt%. The reactor used for this study is designed to operate at pressures up to 35 MPa, temperatures up to 560°C, and residence times ranging from 3 to 120 s depending on operating temperature. A system schematic is shown in Figure 1 . The reactor is constructed of 6.35 mm Inconel 625 tubing with an inner diameter of 3.05 mm, yielding a S/V ratio of 13.1 cm -1 . The reactor section is coiled to induce Dean vortices, to minimize the potential that kinetic rates are affected by variations in flow profile between laminar and turbulent flows. Such variation could lead to mass transfer limitation of the catalytic wall effect. A modular reactor design allows for reactor sections of varied length and geometry to be installed on the system, providing a greater range of residence times. The reactor section used for these experiments has an internal volume of 18.6 mL.
Two SSI (State College, PA) HPLC pumps provide constant, user-defined flow rates of reagent and water into the system, while an Equilibar (Fletcher, NC) diaphragm-style back pressure regulator controls the internal reactor pressure. To preheat water to supercritical conditions, two heating sections are employed. A 2000 W TEMPCO (Wood Dale, IL) coil-heater in direct contact with a 19.0 mm tube is followed by an 1800 W OMEGA (Norwalk, CT) ceramic radiant cylinder heater, which provides heat into a coiled section of 6.35 mm tubing.
A custom mixing section ensures rapid mixing and heating of the reactants. Post-critical injection is ideal for rate studies, as it establishes a clear reaction initiation point. A challenge for post-critical injection is quickly obtaining a well-mixed flow and a uniform temperature distribution, as laminar flow can lead to slow mixing between the supercritical water and reactants. A numerical computational fluid dynamic study was performed to design a suitable mixing section to improve mixing in the laminar and transitional (to turbulence) flow regions in the reactor; this process is detailed in Tiwari et al. [15] .
After mixing, a 700 W OMEGA (Norwalk, CT) radiant cylinder heater is used to maintain isothermal conditions in the reactor section. The reactor is followed by a custom-built vertical heat exchanger, designed to rapidly quench high-temperature reactions. Two flush mount pressure transducers are used to monitor internal reactor pressure, and type-K thermocouples monitor flow temperature at various locations within the reactor.
A Raman immersion ball probe from MarqMetrix (Seattle, WA) is located immediately after the heat exchanger to allow for in-situ monitoring of product species in the quenched effluent stream. The Raman spectroscopic cell is positioned in the cold zone to avoid issues with thermal expansion and sealing, and to simplify quantitative spectroscopy. The analysis of Raman cell measurements in the hot and cooled reactor sections are presented in [3] and [16] . Essentially, a sapphire or diamond window is necessary for optical access to the flow but maintaining the seal and structural integrity around the window is challenging with thermal expansion and thermal cycling of surrounding materials [17] [18] [19] [20] . Researchers from Sandia National Laboratories reported this difficulty in using Raman spectroscopy in the high-temperature, high-pressure (HTHP) environment to study supercritical water oxidation [18] [19] [20] .
The fiber-optic Raman laser has an excitation wavelength of 785 nm and is operated at 300 mW. A sapphire ball lens focuses the excitation light 0.6 mm in front of the lens, which protrudes 0.5 mm into the flow. Five spectra, each with a total integration time of 20 s, are collected and averaged for each operational condition. This relatively high signal integration time ensures an acceptable signal-to-noise ratio for identification of minor constituents. A semi- manual fluorescent background subtraction method is used for consistent spectral processing, which facilitates accurate quantitative spectroscopy [21] . Spectra are normalized to the height of the sapphire peak, to negate potential optical effects. The average of all five spectra is used to calculate product yield, while the five separate spectra are used to calculate uncertainty of reported yields to a 95% confidence interval.
Multiple techniques exist to extract molecular concentrations from Raman spectra -including measuring peak heights, peak areas, and direct or indirect spectral hard modeling [22] [23] [24] . The Raman signal intensity from a given molecule is linearly dependent on the molar concentration of the constituent in the optical control volume, although temperature, pressure, reactions, and molecular interactions can cause non-linear spectral behavior. For the spectra collected in this study, indirect hard modeling (IHM) is used to extract species concentration data. Calibration is accomplished using a technique detailed in [22] where a least-square optimization of stoichiometric atom balances for collected spectra allows for calibration without an extensive set of known mixture spectra, which is difficult to produce for a two-phase effluent stream of a reacting system.
RESULTS
Gasification of formic acid resulted in yields of H2, CO, and CO2. Table 1 lists compounds present in collected Raman spectra and the associated wavenumbers of significant Raman peaks. Peaks may be slightly shifted from reference data due to the operating pressure. Figure 2 shows a representative Raman spectrum of the decomposition products formed from gasifying formic acid. The corresponding wavenumbers of significant peaks are noted in the plot.
Compound
Wavenumbers As residence time increases, peaks associated with H2, CO, and CO2 increase noticeably, and formic acid peaks diminish. Some fluctuation of H2 and CO peaks are witnessed despite steady-state reactor operation, as the two gases are insoluble in subcritical water, and the transition to a two-phase flow forms gas bubbles. Averaging the signal over a long integration time negates signal fluctuations which result from phase separation. This is verified by the relatively low uncertainty values associated with H2 and CO measurements, as seen in Table 2, and Figures 3 and 4. Table 2 presents compound yield percentages by weight after gasification at all tested temperatures and residence times. Figure 3 shows subcritical product yields with kinetic rate curve fits. Small error bars on product yields reflect steady state reactor operation and low measurement uncertainty. At the lowest tested temperatures, the formic acid decomposition does not adhere well to a first-order decomposition curve. However, it is known that formic acid exists as an intermediate of the WGS reaction at temperatures above 240°C [25] . Thus, the reformation of formic acid from CO is likely, and the reverse dehydration reaction may be responsible for the observed formic acid yields at 300°C and 320°C.
First-order decomposition of formic acid, where represents the global decomposition rate, is expressed with:
The solution to this first-order differential equation yields the following time-dependent decay equation, where the initial molar concentration of formic acid is normalized to one mol. Analyzing the yield data collected at each temperature, first-order global decomposition kinetic rates are calculated using the MATLAB curve-fit toolbox by fitting an exponential decay curve to the collected data.
Similarly, the first-order formation expressions for H2, CO2, and CO are
with and representing the reaction rates along the decarboxylation (Reaction 1) and dehydration (Reaction 2) pathways respectively. Substituting the time-dependent formic acid expression in Equation 2 yields the following firstorder differential equations for Equations 3 -5:
Integrating this expression with respect to time yields time-dependent formation expressions for H2, CO2, and CO.
with the constant resulting from the initial molar concentration of each product gas being zero. A least-square curve fit between product yields and Equations 10 and 11 allows for the calculation of and , using the values that are previously determined for each temperature. Only data for CO2 yield is used to calculate , as H2 yields are observed to be more temporally variable due to bubble formation during effluent quenching. From observation, H2 is difficult to detect at low concentrations, hence molar yields of H2 are seen to be lower than molar yields of CO2 when decarboxylation is less prevalent. CO2 exists as a liquid at operational pressures, thus the CO2 Raman signal is more reliable for calculating the rate of formation along the decarboxylation pathway. The calculated kinetic parameters are presented in Table 3 , and plots of the corresponding curve fits using Equations 2, 10, and 11 are presented alongside product yield data in Figures 3 and 4 Table 3 : First-order global decomposition rates and individual pathway rates of formic acid in subcritical and supercritical water Plotting ln ( ) vs. T -1 suggests that formic acid decomposition follows a noticeably different trend in subcritical vs. supercritical water, as seen in Figure 5 . Because kinetic rates increase more rapidly above the critical point, separate Arrhenius parameters were proposed for subcritical decomposition and supercritical decomposition. Table 4 presents Arrhenius parameters determined by performing a least-squares curve fit on data collected above and below the critical point. Figure 5 shows the calculated kinetic rates at each tested temperature, compared to data previously reported by Yu and Savage [13] , along with curve fits yielding the reported Arrhenius parameters.
Reaction
Pre-Exponential Factor log A (log s -1 ) Activation Energy EA (kcal/mol) Table 4 : Rate parameters for formic acid decomposition in subcritical and supercritical water 4. DISCUSSION Raman spectroscopy allows for accurate in-situ monitoring of liquid and gaseous products in the effluent stream. Because Raman spectra can be collected during reactor operation, all necessary experimental data are collected quickly -ten experimental conditions can be tested in a single day. This shows great promise for expediting gasification studies of more complex model compounds.
One challenge with collecting in-situ Raman spectra comes from gas separation in the effluent stream. Initially, a Graham (Batavia, NY) Heliflow heat exchanger was used in which the inlet stream flows upward, and the outlet stream flows downward, trapping H2 and CO. Raman spectra collected with short integration times confirmed that H2 and CO bubbles were forming within the Graham heat exchanger and exiting at an unsteady frequency. To resolve this issue, a vertically oriented custom heat exchanger is installed which allows insoluble gases to escape and pass through the Raman cell without encountering any locations where bubbles could be trapped. A comparison of data collected with each heat exchanger confirmed that trapped bubbles of H2 and CO were reforming formic acid within the Graham heat exchanger via the reverse dehydration pathway, as yields of formic acid were much lower with the custom heat exchanger. This is consistent with the accepted knowledge that formic acid is an intermediate of the WGS reaction at temperatures above 240°C [25] . The custom vertical heat exchanger allows for quantitative measurements of gas in the effluent stream, and Raman spectroscopy proves to be an effective in-situ technique for monitoring gasification products and calculating effluent species concentrations. For future studies of SCWG in a continuous reactor, it is recommended to consider gas separation and flow behavior during quenching. Table 3 presents the kinetic rates of the decarboxylation and dehydration pathways individually. The literature clearly shows a role for the WGS reaction to convert CO and H2O into CO2 and H2 [1, 13] . Numerous studies have acknowledged that the WGS reaction is significant to the final hydrogen gas yield during SCWG of organic compounds, especially considering that the WGS reaction is catalyzed by nickel. However, formic acid exists as an intermediate of the WGS at temperatures above 240°C [25] thus there is no direct reaction which converts CO and H2O to CO2 and H2 without the reformation of formic acid. At these conditions the decarboxylation pathway is thought to be irreversible, while the backward dehydration pathway is possible and thermodynamically favored at higher concentrations of CO and lower temperatures. This explains the formic acid yields at 300°C and 320°C, which appear to be nearly constant over the range of tested residence times. Unfortunately, it was not possible to directly calculate the back reaction rate of the dehydration pathway.
Water-Gas Shift Reaction
Numerous studies have investigated the WGS reaction under similar temperatures and pressures, which could lend insight towards the rate of formation of formic acid from CO under the studied conditions [26] [27] [28] [29] . Rice et al. [26] studied WGS reaction kinetics in a non-catalytic environment at temperatures from 410 to 520°C and pressures from 2 to 60 MPa, and noted a significant change in reaction rate with changing pressure at 450°C. This was attributed to a density dependent reaction, with the formation of formic acid from CO being the limiting reaction step. Araki et al. [29] studied the WGS reaction at temperatures from 380 to 450°C and pressures from 20 to 35 MPa. A water density dependence was reported on the order of 1.5±0.1; however reported density dependence does not agree well with previous studies under similar conditions. Thus, water density is thought to be significant to the conversion of CO to CO2 through formic acid in supercritical water, but the exact dependence is not known. Various kinetic rates quantifying the production of formic acid from CO in supercritical water are proposed in [26] [27] [28] [29] .
Reaction Mechanisms
Fully characterizing the reaction mechanisms facilitating the decomposition of formic acid in supercritical water without in-situ monitoring within the hot zone of the reactor is challenging. In-situ spectroscopy in the HTHP zone of the reactor would allow for identification of ions such as H + or HCOO -, or free-radicals such as H, COOH, or OH. Relative concentrations of these ions or free-radicals could more definitively identify reaction mechanisms. This would be scientifically advantageous but is technically difficult to accomplish [8, 11, 18, 23] . As such, it is only possible to speculate about reaction mechanisms based on quantum chemical simulations and experimental results.
Interesting discrepancies between Yu and Savage [13] and this study show that for the present work (i) the molar yields of CO are consistently higher, and (ii) yields of CO are higher than yields of CO2 or H2 at low temperatures. The discrepancies can possibly be explained by a difference in the catalytic wall effect between the two studies. Yu and Savage report inner reactor diameters of 1.40 mm and 1.08 mm, while the reactor used for this study has an inner diameter of 3.05 mm. Thus, the S/V ratio of the reactor used for this study is 13.1 cm -1 , while the S/V ratios of the reactors used in [13] are 28.6 cm -1 and 37.0 cm -1 . Multiple studies on glucose gasification have shown that reduced reactor diameters contribute to faster reaction kinetics, and higher yields of H2 [3, 5] . Also, the WGS reaction is significantly catalyzed by a nickel surface, which would favor CO2 production. Likewise, the higher reactor S/V ratio in [13] is expected to favor CO2 production through enhanced decarboxylation.
An argument for a surface-catalyzed decarboxylation pathway can be made by closely examining the two plots presented in Figure 5 . The decarboxylation trendline looks remarkably similar to the data and trendline for temperatures tested in [13] , only shifted downward. In fact, the Arrhenius parameters are close as well, with the Arrhenius parameters for subcritical decarboxylation determined as log A (s -1 ) = 5.67 ± 0.88 and EA = 22.36 ± 2.43 kcal/mol, and Yu and Savage reporting global parameters as log A (s -1 ) = 6.2 and EA = 20.5 kcal/mol. Considering Yu and Savage mostly tested subcritical temperatures, and considering data at 380°C seems to follow the subcritical trendline, it is reasonable to assume these parameters should align closely. A more significant catalytic effect could hypothetically lower the activation energy for this pathway and speed the reaction rate, causing decarboxylation to manifest as the dominant pathway.
Although both pathways are thought to be the result of molecular elimination mechanisms, the significant increase in reaction rates across the critical point, as seen in Figure 5 , and the discrepancy in rates between different reactors suggests a free-radical mechanism is significant to hydrothermal formic acid decomposition in a continuous, nickelbase alloy reactor. Wei and Iglesia [30] studied the catalytic effect of nickel on the decomposition of CH4 in the presence of CO2 and H2O, and proposed that the catalyzed reaction proceeds through the adsorption of C and H atoms from CH4 on the nickel surface. These adsorbed species increase the reactivity of the surface and increase the radical concentration in the bulk flow. The adsorption of a single H onto the nickel surface from a formic acid molecule would form a COOH radical in the bulk flow, which could decompose into CO2 and H, or CO and OH. The formed H or OH radicals would abstract H from other formic acid molecules promoting a chain-branching reaction. The decomposition of COOH into CO2 and H is thought to be more likely [13] which would support the observation of a favored decarboxylation reaction at conditions supporting free-radical reactions (i.e. higher S/V ratio, lower density).
Free-radical reactions are significant in the SCWG of real biomass feedstocks, as free H radicals can abstract H atoms from lignocellulosic molecules, resulting in observed high yields of H2 [9, 31] . Additionally, low reaction densities were reported to favor free-radical mechanisms in supercritical water [31] . This coincides with the sudden rise in the overall reaction rate between 380°C, 390°C, and 400°C, the temperatures where water experiences the sharpest drop in density at 25 MPa.
Yu and Savage [13] had previously assumed that the free-radical mechanism leading to formic acid decomposition was relatively minor, but their analysis did not consider the ability of nickel to catalyze free-radical formation. Considering that the presence of nickel reactor walls initiates a free-radical mechanism this explains both the discrepancy in reported kinetic rates between [13] and this study, and the higher observed CO yields in this study, and the mechanism is consistent with proposed reaction mechanisms in continuous SCWG reactors.
CONCLUSIONS
Formic acid is gasified in a continuous supercritical water reactor at temperatures between 300 and 430°C, a pressure of 25 MPa, residence times between 4 and 65 s, and a feedstock concentration of 3.6 wt%. The feasibility of monitoring and quantifying the gasification process with high-resolution Raman spectroscopy is demonstrated. Reaction products are identified as H2, CO2, CO, and residual formic acid. At temperatures below 300°C formic acid does not show significantly fast decomposition. At temperatures above 430°C, formic acid decomposes too rapidly to accurately quantify kinetic rates. Quantitative spectroscopic techniques are used to extract molar concentrations from spectra of the effluent stream, allowing the determination of global decomposition rates and individual pathway rates at all tested temperatures. First-order global Arrhenius parameters are determined as log A (s -1 ) = 1.6 ± 0.20 and EA = 9.5 ± 0.55 kcal/mol for subcritical decomposition, and log A (s -1 ) = 12.56 ± 1.96 and EA = 41.90 ± 6.08 kcal/mol for supercritical decomposition. Arrhenius parameters are also proposed for decarboxylation and dehydration of formic acid in water above and below the critical point. Considering the data produced in this study, and the reported results from the work of Yu and Savage [13] , a surface catalyzed free-radical mechanism is proposed, which is favored at supercritical temperatures and low densities.
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